Abstract In the 1980s a change occurred in hydrochlorothiazide prescribing practices for hypertension from high-dose (50 mg/day) to low-dose (12.5-25 mg/day) therapy. However, randomized controlled trials (RCT) for prevention of calcium-containing kidney stones (CCKS) employed only high doses (C50 mg/day). We hypothesized that these practices have resulted in underdosing of hydrochlorothiazide for prevention of CCKS. Patients with a filled prescription for thiazide diuretics that underwent a 24-h urine stone risk factor analysis were eligible. Those with evidence that thiazide was prescribed for CCKS were further analyzed. Of 107 patients, 102 were treated with hydrochlorothiazide, 4 with indapamide, and one with chlorthalidone. Only 35% of hydrochlorothiazide-treated patients received 50 mg/day; a dose previously shown to reduce stone recurrence. Fifty-two percent were prescribed 25 mg and 13% 12.5 mg daily, doses that were not studied in RCT. Evidence-based hydrochlorothiazide use was suboptimal regardless of where the patient received care (Nephrology or Endocrinology clinic). In a small subset of patients (n = 6) with 24-h urinary calcium excretion measured at baseline and after 2 hydrochlorothiazide doses (25 and C50 mg), there was a trend toward decreased urinary calcium excretion as the dose was increased from 25 to C50 mg/day (p = 0.051). Low-dose hydrochlorothiazide was often used for prevention of CCKS despite the fact that there is no evidence that it is effective in this setting. This may have resulted from a practice pattern of using lower doses for hypertension therapy or a lack of knowledge of RCT results in treatment of CCKS.
Introduction
The modern era of diuretic therapy began in 1957 when Novello and Sprague synthesized the thiazide [1] . In 1958 Beyer reported that the drug had natriuretic properties [2] . Further modification of the benzothiadiazine core led to hydrochlorothiazide and the thiazide-like diuretics: chlorthalidone (phthalimidine); metolazone (quinazolinone); and indapamide (indoline). Thiazide-like diuretics bind and inhibit the Na-Cl cotransporter in distal convoluted tubule and connecting tubule but do not contain the benzothiadiazine core. The term thiazide diuretics will be used here subsequently to refer to both thiazide and thiazide-like diuretics. In 1959 Lamberg and Kuhlbäck found that chlorothiazide (1 gm BID) and hydrochlorothiazide (100 mg BID) reduced urinary calcium excretion [3] . Lichtwitz suggested this property might be exploited to prevent calcium-containing kidney stone recurrence [4] , and in 1970 Yendt in uncontrolled studies reported reduced stone recurrence rates using hydrochlorothiazide in doses from 100 mg daily to 100 mg BID [5] .
This was subsequently followed by at least 10 randomized prospective trials (RCT) using a variety of thiazide diuretics, eight of which showed reduced recurrence rates of calcium-containing kidney stones [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In these studies when hydrochlorothiazide was used, it was prescribed in high dose. The lowest dose employed was 50 mg daily. Seven of these studies were conducted in the 1980s, two in the early 1990s, and only one in the last 15 years [15] .
In the 1980s a paradigm shift occurred in prescribing practices of hydrochlorothiazide for hypertension, and lower doses (12.5-25 mg daily) were increasingly employed [16] . In addition, clinical and biochemical side effects were noted to be dose dependent, especially hypokalemia [17] . This led to the current practice of using hydrochlorothiazide in lower doses for treatment of hypertension.
We hypothesized that in our institution thiazide and thiazide-like diuretics, especially hydrochlorothiazide were no longer being used in adequate, evidence-based doses to prevent calcium-containing kidney stone recurrence. This may be the result of a combination of factors including: a practice pattern of using lower doses of hydrochlorothiazide for the treatment of hypertension that has carried over to the treatment of stone disease and/or a lack of knowledge of RCT of thiazide diuretics in the treatment of calcium-containing kidney stone recurrence.
Materials and methods

Study design
Eligible patients were identified by querying the pharmacy database in the VA North Texas Health Care System for patients that filled a prescription for a thiazide diuretic in the past 10 years. Only those patients that also underwent a 24-h urine stone risk factor analysis were subsequently evaluated (n = 223) in order to better identify patients that were prescribed thiazides for nephrolithiasis and not hypertension. Since thiazide diuretics can be employed for both conditions, only those 115 patients with documented evidence in the medical record that the drug was prescribed for stone disease were included in the final analysis. Data were abstracted from VA's electronic medical record system-CPRS (Computerized Patient Record System). Eight patients were excluded because they either had side effects with uptitration of drug or were taking the diuretic for\6 months.
Urinary risk factor analysis was performed in the Mineral Metabolism Laboratory at the University of Texas Southwestern Medical Center at Dallas. Risk factors for calcium-containing kidney stone formation were defined as: low urine volume-\2 l/day; hypercalciuria (classic definition)-C300 mg/day in men and C250 mg/day in women; hypercalciuria (modified definition)-C250 mg/day regardless of gender; hypocitraturia-\320 mg/day in men and \500 mg/day in women; hyperoxaluria-C45 mg/ day in men and C40 mg/day in women; hyperuricosuria-C800 mg/day in men and C750 mg/day in women. A risk factor was considered present if it was detected in one or more 24-h urine collections. For 24-h urines to convert from mg/day to S.I. units: calcium-to convert to mmol/day multiply by 0.025; uric acid-to convert to mmol/day multiply by 0.0059; oxalate-to convert to lmol/day multiply by 11.1; and citrate-to convert to mmol/day multiply by 0.0052.
Stone analysis was performed at the National VA Crystal Identification Center, Zablocki VA Medical Center, Milwaukee, WI using high-resolution X-ray powder diffraction and Fourier transform infrared spectroscopic techniques.
To determine if a dose-response effect of hydrochlorothiazide could be detected in the clinical setting, those patients with 24-h urinary risk factor analyses that were performed prior to onset of therapy and after 2 different doses of hydrochlorothiazide (25 and C50 mg) were identified. Pharmacy records were checked to verify that the patient had a filled prescription at the indicated dose in the month prior to the collection of the 24-h urine. If more than one 24-h urine was collected either at baseline or on a given dose of hydrochlorothiazide, the values were averaged.
Statistical analyses
The Chi-square test was used to compare the evidencebased use of hydrochlorothiazide in two of the three areas where patients received their care (Nephrology and Endocrinology clinic). Only 7 patients were cared for outside of Nephrology and Endocrinology clinics and due to the small numbers were not included in the analysis. To evaluate whether a dose-response effect was present with increasing dose of hydrochlorothiazide, a test of sphericity was first performed. The result was not significant and therefore, a repeatedmeasures ANOVA was employed to determine whether there was a significant difference between three doses of hydrochlorothiazide (control, 25 mg and C50 mg).
Results
Medical records of 107 patients prescribed a thiazide diuretic for C6 months for prevention of calciumcontaining kidney stone recurrence were analyzed. Demographic characteristics of the patients are shown in Table 1 . Most patients were male as expected given the preponderance of men in the VA system, as well as the increased prevalence of nephrolithiasis in men. Caucasians made up the majority of patients with the remainder largely African American. All patients had at least one 24-h urine stone risk factor analysis collected. The most common risk factor was low urinary volume (68.2%). The prevalence of other risk factors was: hypercalciuria (classic definition)-48.6%; hypercalciuria (modified definition)-59.8%; hypocitraturia-43%; hyperoxaluria-61.7%; and hyperuricosuria-37.4%. In sixty-three patients, at least one stone was chemically analyzed. As expected, the majority of stones submitted for analyses were pure calcium oxalate (54%) or a combination of calcium oxalate and calcium phosphate stones (30.1%). Fewer patients passed stones containing only calcium phosphate (7.9%). Stones composed of a combination of calcium oxalate and uric acid (3.2%), calcium oxalate and struvite (1.6%), or uric acid alone (3.2%) were much less common.
The highest dose of thiazide diuretic employed for prevention of stone recurrence was determined by chart audit. Of 107 patients, 102 were treated with hydrochlorothiazide, 4 with indapamide, and one with chlorthalidone (Table 2 ). Indapamide and chlorthalidone were prescribed at doses reported to reduce recurrence in randomized prospective trials, 2.5 mg indapamide and 25 mg chlorthalidone, respectively. However, of 102 patients treated with hydrochlorothiazide only 35% received C50 mg/day; doses previously shown in randomized prospective trials to reduce stone recurrence. All but two of these patients received hydrochlorothiazide once daily. The remaining 65% were prescribed either 25 mg (52%) or 12.5 mg (13%) once daily; doses that were not studied in RCT. We further examined the evidence-based use of thiazide diuretics based on where the patient received their care for stone disease. Patients were seen either in Nephrology clinic, Endocrinology clinic or other locations (Table 3) . Regardless of where the patient was cared for evidence-based use of thiazide diuretics was suboptimal. In Endocrinology clinic, 57% of patients received evidence-based doses compared to 36% in Nephrology clinic and 29% in other locations. These differences were not statistically significant.
Little data is available regarding the dose-response curve of hydrochlorothiazide with respect to lowering urinary calcium excretion. Therefore, we examined patients prescribed hydrochlorothiazide with baseline 24-h urine stone risk factor analyses performed prior to therapy and at doses of 25 and C50 mg/day. Six patients were identified and their urinary calcium excretion is shown in Table 4 . Pharmacy records were examined to verify that the patient had a filled prescription at the indicated dose for hydrochlorothiazide in the 30 days prior to the collection of the 24-h urine. In 5 of 6 patients, there was a further decline in urinary calcium as hydrochlorothiazide dose was increased from 25 to C50 mg/day. Baseline urine calcium excretion was 306.3 ± 70.9 mg/day; this decreased to 261.2 ± 106.1 mg/day at 25 mg, and to 183.3 ± 60.9 mg/day at doses C50 mg/day. Urinary calcium excretion was significantly lower comparing the 50-mg dose to control. There were no significant differences between control and the 25-mg dose. However, the decline in urinary calcium excretion when hydrochlorothiazide dose was increased from 25 to C50 mg/day was of borderline statistical significance (p = 0.051).
Discussion
Our patient population has many characteristics that are similar to that of calcium-containing stone formers previously reported. The majority are white Caucasian males. Prevalence of urinary stone risk factors is similar to that previously reported by Preminger except that hyperoxaluria was more frequent than expected [18] . In addition, chemical stone analyses were similar to that in the nonveteran population in Dallas reported by Pak [19] .
RCT are critical in the evaluation of stone therapies [20, 21] . Referral of patients to a stone clinic is often followed by a reduction in stoneformation rate (stone clinic effect) independent of drug treatment [20] . This likely is the result of changes in fluid intake.
At least 10 randomized controlled trials examined the effect of thiazide diuretics on preventing CCKS recurrence. Seven of ten reported a reduction in recurrence rate in treated patients [8] [9] [10] [11] [12] [13] [14] [15] . Two trials that showed no difference in outcome were limited by their short follow-up duration of less than 2 years [6, 7] . A consistent finding in these trials is that stoneformation rate between treated and control groups did not diverge until after at least one year of therapy. Stones too small to be detected by ultrasound or KUB may be passed in the first few months and obscure beneficial effects of treatment [12] .
In the four trials that utilized hydrochlorothiazide, it was prescribed in doses of 50-100 mg daily [7] [8] [9] 15] . No randomized prospective trial that we are aware of has employed low-dose hydrochlorothiazide (12.5-25 mg daily) to examine reduction in calciumcontaining-stone recurrence. Whether this dose would be effective is unknown. Of the three thiazide diuretics used in our study, evidence-based therapy would require the use of either: indapamide 2.5 mg/ day; chlorthalidone C25 mg/day; or hydrochlorothiazide C50 mg/day. With regard to the use of antihypertensive drug therapy, Ernst has stated that ''the practitioner who bases decisions on evidence from randomized trials expecting to see similar benefits in practice should use the doses of antihypertensive drugs that were used in trials'' [22] . The same can just as reasonably be stated for the treatment of stone disease. Only 35% of patients prescribed hydrochlorothiazide were on relatively higher doses (C50 mg/day) shown to be effective in RCT (Table 2) . Reasons for this are unclear and may result from several factors including: lack of awareness of doses used in RCT and/or a practice pattern of using lower hydrochlorothiazide doses for hypertension treatment that has carried over to its use for treatment of stone disease.
In the 1980s a paradigm shift occurred toward the use of lower doses of hydrochlorothiazide in the treatment of hypertension. Hydrochlorothiazide at a dose of 12.5 mg/day has been compared to 25 mg/ day in at least 6 studies involving 455 patients [23] [24] [25] [26] [27] [28] . Doubling the dose of hydrochlorothiazide did not significantly improve blood pressure control. This has been used to make the argument that the doseresponse curve of hydrochlorothiazide for the control of hypertension was relatively flat above doses of 25 mg/day [29] .
The hypocalciuric action of thiazides is the most likely mechanism whereby this drug class reduces stone recurrence. Experimental studies in humans and laboratory animals suggest that there may be qualitatively different effects of high-dose and low-dose thiazide diuretic dose on renal calcium reabsorption. When thiazides are given in high dose, and there is a decline in extracellular fluid (ECF) volume, the resultant decline in ECF volume is thought to increase proximal tubular reabsorption of sodium and calcium [30] [31] [32] . The same is true in rats where molecular studies have shown that distal tubular transport proteins are not upregulated in response to high-dose thiazide diuretics, suggesting the effect is proximal [33] . However, when lower doses of thiazide diuretics were employed in rats, urinary calcium excretion fell and distal nephron calcium transport proteins were upregulated suggesting a distal tubular effect [34] . In addition, micropuncture and microperfusion studies by Costanzo and Windhager showed that when applied to the luminal surface of the distal tubule thiazides do stimulate calcium transport [35] . It is likely that thiazides act to reduce urinary calcium excretion in both the proximal and distal tubule with the proximal tubular effect predominating at higher doses associated with ECF volume contraction.
One trial involving six healthy subjects without hypercalciuria established a dose-response relationship between hydrochlorothiazide and urinary calcium excretion [36] . Each subject was maintained for one week on increasing doses of hydrochlorothiazide daily (12.5, 25 , and 50 mg). As dose increased a statistically significant reduction in urinary calcium (dose response) was seen. To our knowledge, similar studies have not been performed in stone formers. Whether the dose response would be quantitatively different between stone formers and normals or even between different phenotypes of idiopathic hypercalciuria (absorptive versus renal leak) is unknown. Six of our patients had 24-h urine collections at baseline and on at least 2 different doses of hydrochlorothiazide (Table 4 ). In 5 of 6 patients, urinary calcium excretion declined with increasing dose of hydrochlorothiazide. Urinary calcium excretion (mg/day) progressively declined as hydrochlorothiazide dose increased as was observed in normal volunteers from a baseline urine calcium excretion of 306.3 ± 70.9 mg/day, to 261.2 ± 106.1 mg/day at 25 mg, and to 183.3 ± 60.9 mg/day at doses C50 mg/day. This finding in a small number of stone formers requires verification in a larger group of patients under conditions where dietary intake is controlled.
Conclusions
Our study shows that in the majority of patients treated with hydrochlorothiazide for prevention of recurrence of calcium-containing kidney stones, the drug was not being used in an evidence-based fashion. Sixty-five percent of patients were prescribed a dose that has not been studied in RCTs. This may be the result of several factors including: trends in hydrochlorothiazide prescribing practices for hypertension that may have carried over into its use for management of kidney stones and/or lack of knowledge of randomized prospective trials. Whether low dose hydrochlorothiazide would be effective in reducing stone recurrence would require a large randomized prospective trial comparing high-and low-dose hydrochlorothiazide versus placebo. In addition, whether supplemental agents such as potassium chloride, potassium citrate, or potassium-magnesium-citrate further reduce stone recurrence needs to be part of such a trial. This will allow determination of the best drug combination to reduce calcium-containing kidney stone recurrence with the smallest amount of long-term risk to the patient. In addition, dose-response studies of hydrochlorothiazide's effect on hypercalciuria are limited and need to be carried out in kidney stone formers under conditions where dietary intake is controlled.
